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ABSTRACT Aurovertin is a fluorescent antibiotic that
binds to the catalytic B subunits of the mitochondrial F,-
ATPase and inhibits ATP synthesis and hydrolysis. ATP, ADP,
and membrane energization in submitochondrial particles
(SMP) alter the fluorescence of Fi-bound aurovertin. These
fluorescence changes are considered to be in response to the
conformation changes of F,-ATPase. This paper shows that the
ATP-induced fluoréscence change of aurovertin bound to SMP
or complex V (purified ATP synthase complex Fg-F,) is
inhibited when these preparations are pretreated with
oligomycin or N,N’-dicyclohexylcarbodiimide (DCCD). This
inhibition is not seen with isolated F,-ATPase. These and other
results have suggested that modifications of the DCCD-binding
protein in the membrane sector (Fy) of the ATP synthase
complex are communicated to F,, thereby altering the binding
characteristics of ATP to the B subunits. By analogy, it is
proposed that modifications (e.g., protonation/deprotonation)
of the DCCD-binding protein effected by protonic energy alter
the conformation of F; and bring about the suhstrate/product
binding changes that appear to be essential features of the
mechanism and regulation of oxidative phosphorylation.

The following recent findings have suggested that the mito-
chondrial F;-ATPase undergoes catalytically significant con-
formation changes during oxidative phosphorylation. (i) In
agreement with an early prediction of Boyer ez al. (1, 2), it has
been shown that F;-bound ADP and P; can form F;-bound
ATP in an isoenergetic process involving negligible free
energy change (3-6). The energy-requiring steps in oxidative
phosphorylation are considered to be substrate (ADP and
P)-binding (1, 7) and product (ATP)-releasing (1, 4, 8). (ii)
The three catalytic sites on isolated F;-ATPase interact,
resulting in negative cooperativity with respect to substrate
(MgATP) concentration and positive catalytic cooperativity
in the sense that substrate binding to the second and third
sites greatly enhances turnover by increasing the rate of
product (ADP) removal from the first site (4, 8-11). Some of
these cooperative effects have also been observed in the
direction of ATP synthesis (ref. 12; unpublished data). (iii) In
oxidative phosphorylation catalyzed by phosphorylating
submitochondrial particles (SMP), partial uncoupling or at-
tenuation of the rate of respiration not only diminishes the
apparent V., (V3R for ATP synthesis but also alters the
apparent K, (K¥P) for ADP and P;. Partial uncoupling
increases the K2PP for ADP and P;, with In(V ../ Kp) being a
linear function of the uncoupler concentration (i.e., the free
energy of the system) (ref. 7; see also ref. 13). Attenuation of
the rate of respiration up to =60% by an electron-transfer
inhibitor decreases these K3P values; double-reciprocal plots
of V2B for ATP synthesis versus ADP or P; concentrations
at several fixed concentrations of the electron-transfer inhib-
itor is a set of parallel lines for either ADP or P; as the variable
substrate (14). Under these conditions, there is no change in

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

7550

Vmax/ Km and little or no change in the membrane potential Ay
(14). (iv) In SMP, the energy-induced fluorescence response
of bound aurovertin, a reporter of F; conformation change
(15, 16), decreases in parallel with decreases in Ay and Va5
for ATP synthesis, as the respective assay systems are
treated with incremental amounts of an uncoupler (14). Thus,
it appears that energy-induced affinity changes of F; for ATP,
ADP, and P; and the changes in K%P for ADP and P; in
response to alterations of the transmembrane electrochemi-
cal potential of protons, Ajy+, and respiration rate are
essential features of the mechanism and regulation of oxida-
tive phosphorylation.

This paper is concerned with the role played by F, in the
conformation changes of F;. The results suggest that modi-
fications at the N,N’-dicyclohexylcarbodiimide (DCCD)-
binding protein influence the ligand-induced conformation
changes of the catalytic 8 subunits of F;.

MATERIALS AND METHODS

SMP (17), complex V (ATP synthase complex F—F;) (18),
and F,-ATPase (19) were prepared from bovine heart
mitochondria by published procedures. SMP were washed
once with a buffer containing 0.25 M sucrose and 10 mM Tris
acetate (pH 7.5) and was suspended in the same buffer at
40-60 mg of protein per ml. The heat-activation step in the
F;-ATPase preparation was omitted. Protein concentration
was determined by the biuret method (20) in the presence of
0.1% deoxycholate or by the method of Lowry et al. (21).
Inhibitors were added in ethanolic solution at the concentra-
tions indicated to SMP (10 mg of protein per ml), complex V
(5 mg of protein per ml), or F;-ATPase (1 mg of protein per
ml) in a buffer containing 0.25 M sucrose and 50 mM Tris
acetate (pH 7.5). The mixture was then incubated at 0°C
(SMP and complex V) or at room temperature (F;-ATPase)
and sampled for measurements of aurovertin fluorescence
and ATPase activity.

Aurovertin fluorescence was monitored by an SLM pho-
ton-counting spectrofluorometer at 30°C in the above buffer.
When SMP were used, the assay mixtures contained, in
addition, 0.5 mM EDTA, 3 mM MgCl,, and 20 mM potassium
phosphate (pH 7.5) (15). The amounts of enzyme added per
ml to the assay medium were: 0.2 mg of SMP, 0.094 mg of
complex V, and 0.025 mg of F;-ATPase. Aurovertin was
added at 0.63 uM from a stock solution in absolute ethanol
whose concentration had been determined by using an
extinction coefficient of 42,700 M~1:cm™! (22). Additions of
ATP, 2',3'-0-(2,4,6-trinitrophenyl)adenosine 5'-triphosphate
(TNP-ATP), succinate, etc., were made as indicated in the
figures. The wavelengths of excitation and emission were 366
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DCCD, N,N'-dicyclohexylcarbodiimide; Ph;SnCl, triphenyltin chlo-
ride; Bu;SnCl, tributyltin chloride; V2E5 and K2PP, apparent Vnax and
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and 470 nm, respectively. TNP-ATP showed no fluorescence
with this setting of wavelengths within the concentration
range used and had only a small filter effect on the aurovertin
fluorescence (=2% decrease by 0.4 uM TNP-ATP).

ATPase activity was measured at 30°C by the ATP regen-
erating system as described (10) in the presence of 50 ug of
SMP, 25 ug of complex V, or 1 ug of F;-ATPase per ml. In
the assay of SMP for ATPase activity, 13 uM rotenone and
5 uM carbonylcyanide m-chlorophenylhydrazone were also
present (23). Oligomycin sensitivity of ATPase activity was
estimated by addition of 5 ug of oligomycin per ml to the
assay mixtures. The assay system was not affected by the
concentrations of inhibitors carried with the samples.

The sources of chemicals used were as follows: ATP and
oligomycin were from Boehringer Mannheim; pyruvate
kinase, lactic dehydrogenase, phosphoenolpyruvate and p-
(chloromercuri)benzoic acid, ClHgCsH,COOH, from Sigma;
DCCD and tributyltin chloride (BusSnCl) from Aldrich;
triphenyltin chloride (Ph;SnCl), from ICN; and TNP-ATP,
from Molecular Probes, Junction City, OR. Other chemicals
were reagent grade. Aurovertin and venturicidin were gifts,
respectively, from R. B. Beechey (University College of
Wales) and D. E. Griffiths (University of Warwick).

RESULTS

The antibiotic aurovertin is an inhibitor of F;-ATPase (15, 16,
24-30). In bovine heart and Escherichia coli F,, aurovertin
binds to the B subunits (27, 29, 30). In the latter, the binding
stoichiometry has been shown to be 1 mol of aurovertin per
B subunit (29). Upon binding to isolated bovine heart F;, the
fluorescence of aurovertin increases 50- to 100-fold (15, 25).
Addition of ADP enhances this fluorescence, whereas addi-
tion of ATP or Mg?* results in partial quenching (15, 16, 26,
28). According to Chang and Penefsky (15), the dissociation
constants of the F,—aurovertin complex were 0.52, 0.07,
0.013, and 0.04 x 10~® M in the presence of ATP, ADP,
Mg?*, or buffer, respectively. In SMP, F;-bound aurovertin
displays fluorescence enhancement upon membrane energiz-
ation (15, 16, 25, 26). The extent of the energy-induced
fluorescence increase correlates well with Ay and ViP5, for
ATP synthesis when these parameters are altered by addition
of incremental amounts of an uncoupler (14). The changes in
the fluorescence of bound aurovertin are considered to be in
response to the conformation changes of F;-ATPase (15, 16).

As shown in Fig. 14, the binding of aurovertin to a
preparation of ATP synthase complex (complex V) resulted
in an enhancement of aurovertin fluorescence, which was
partially quenched by subsequent addition of 1.25 mM ATP.
However, when complex V was pretreated with the F,
inhibitor oligomycin, the ATP-induced quenching was great-
ly diminished (see also refs. 16 and 31). Essentially identical
effects were observed when the concentration of added ATP
was increased to 10 mM. Also, similar results were obtained
when complex V was pretreated with DCCD or with ClHg-
C¢H4COOH at concentrations that inhibited the ATPase
activity of the complex =90%. Addition of ATP to
aurovertin-treated SMP caused a small enhancement in
fluorescence, which was also prevented when the particles
were pretreated with oligomycin or DCCD (Fig. 1B). In the
case of oligomycin, it was shown that the extent of inhibition
of ATP-induced quenching of aurovertin fluorescence was
oligomycin concentration dependent and correlated well with
inhibition of ATPase activity at various oligomycin concen-
trations (Fig. 2). Also, the order of additions of aurovertin
and oligomycin or of ATP and oligomycin to either complex
V or SMP did not alter the inhibition of ATP-induced
fluorescence quenching. Fig. 1C shows that treatment of
isolated F;-ATPase with oligomycin did not affect the ATP-
induced fluorescence quenching. Similar results were ob-
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Fic. 1. Effect of oligomycin on the ATP-induced changes in the
fluorescence of aurovertin (Aur) bound to complex V (A), SMP (B),
and F;-ATPase (C). Treatment of enzymes with oligomycin (oligo)
and measurements of aurovertin fluorescence were carried out as
described. The concentrations of oligomycin and the degrees of
inhibition of ATPase activity were 11 ug/mg of protein and 98%
inhibition for complex V, 3 ug/mg of protein and 97% inhibition for
SMP, and 50 ug/mg of protein and no inhibition for F,-ATPase.
Where indicated, the final concentrations of added aurovertin and
ATP were, respectively, 0.63 uM and 1.25 mM in this and subsequent
figures. In the case of SMP, the experiments were repeated with SMP
pretreated with 30 uM Bu,SnCl to ensure that, in the absence of
oligomycin, the ATPase activity of the particles was inhibited. Under
these conditions also, ATP induced an increase in the fluorescence
of SMP-bound aurovertin in the absence of oligomycin but not in its
presence (see text for the effect of organotin compounds).

tained when F,; was pretreated with CIHgC¢H,COOH. Pre-
treatment with DCCD was not attempted because DCCD is
known to react with the B subunits of isolated F;. The results
of Figs. 1 and 2 indicate, therefore, that the ligand-induced
change in the fluorescence of F;-bound aurovertin is influ-
enced by alterations in Fy. In the case of CIHgC¢sH,COOH,
the inhibitory modification of Fy could be reversed by treating
the particles with dithiothreitol. This treatment also reversed
the inhibition of ATP-induced fluorescence change of
aurovertin.

It was of interest to see whether the effect of oligomycin,
DCCD, and CIHgC¢H,COOH is brought about by inhibition
of ATP binding to F, (32-34). However, this did not appear
to be the case. When TNP-ATP was used instead of ATP, it
was found that TNP-ATP at saturating concentrations result-
ed in a greater degree of quenching of the fluorescence of
aurovertin bound to complex V (Fig. 3 A and B) and that
treatment of complex V with oligomycin had no detectable
effect on the extent of TNP-ATP-induced quenching. This
may be related in part to the fact that TNP-ATP binds to F;
more tightly than does ATP (35). However, when TNP-ATP



7552 Biochemistry: Matsuno-Yagi et al.

% T T ) T
p [ ]
< 30% {6 &
£
g
= \{ 3
2 0t 1, 2
g [\ -
[ h ‘=
g0 3
= 10F A\\'\ 12 8
(=
<
= 4
1 n 7—1~——1_——0
2 4 6 8

Oligomycin, pg/mg protein

FiG. 2. Correlation between inhibitions of complex V ATPase
activity and ATP-induced quenching of the fluorescence of bound
aurovertin at different oligomycin concentrations. Complex V was
incubated with the indicated concentrations of oligomycin and
assayed for ATPase activity as described. ATP-induced fluorescence
quenching was measured as in Fig. 1.

was added after ATP to oligomycin- and aurovertin-treated
complex V (Fig. 4 Top, left trace), then TNP-ATP did not
induce fluorescence quenching, suggesting prevention of
TNP-ATP binding by the bound ATP. A similar experiment
in the absence of oligomycin showed only the degree of
quenching effected by ATP, which was added first, and
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FiG. 3. Quenching of the fluorescence of complex V-bound
aurovertin (Aur) induced by TNP-ATP. In A, the concentrations of
added TNP-ATP and oligomycin (Oligo) were, respectively, 0.42 uM
and 30 ug/mg of complex V. When oligomycin was added after
TNP-ATP, no further change was observed. In B, complex V was
preincubated with (a) or without (0) 5 ug of oligomycin per mg of
protein. The ATPase activity of the oligomycin-treated samples was
inhibited by 98%. Fluorescence quenching of aurovertin induced by
the indicated concentrations of added TNP-ATP was measured as
described. The degree of quenching was corrected for the filter effect
of TNP-ATP, which, at the maximum TNP-ATP concentration used,
accounted for 3.3% decrease of aurovertin fluorescence.
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subsequent addition of TNP-ATP did not increase quenching
to the level expected from TNP-ATP alone (Fig. 4 Top, right
trace). Further, in the absence or presence of oligomycin
(Fig. 4 Middle and Bottom, respectively), addition of ATP
after TNP-ATP diminished the extent of quenching achieved
with TNP-ATP to nearly the level expected from ATP alone
(see Fig. 1A). The concentrations of ATP (1.25 mM) and
TNP-ATP (0.42 uM) used in the experiments of Fig. 4 were
so chosen to demonstrate maximal competitive effects. At
lower concentrations of ATP as the first added ligand,
subsequent addition of 0.42 uM TNP-ATP did cause a further
quenching; and with TNP-ATP as the first added ligand at
0.42 uM and lower concentrations of ATP as the second
added ligand, the rate and the extent of reversal of quenching
were less. These results indicate, therefore, that pretreat-
ment of complex V with oligomycin does not inhibit ATP
binding but does inhibit the aurovertin fluorescence response
to ATP, probably by a change in the ATP-induced confor-
mation of the B subunit. Whatever the change, it is not
detectable when the ligand is either TNP-ATP or ATP in the
presence of added Mg?* (data not shown).

Among the F, inhibitors mentioned above, DCCD and
oligomycin appeared to react with the same F, subunit, the
DCCD-binding proteolipid (36-38). CIHgCsH,COOH could
also be reacting with the same subunit, possibly at the single
cysteine, which is located six residues away from the DCCD-
reactive Glu-58 (38). Hence, it was of interest to see whether
other F, inhibitors would cause the same effect on the
ATP-induced fluorescence change of bound aurovertin. The
inhibitors used were the organotin compounds and
venturicidin. They were selected because of their lack of
effect on the ATPase activity of isolated F;, lack of uncou-
pling effect in SMP, and strong inhibitory effect on the
ATPase activities of SMP and complex V (39, 40). Another

ATP  TNP-ATP ATP
| l Aur l

§’AV_’THF~ | TNP-ATP
o
> - L“r““
£ i
L- TNP-ATP L

Alur -2 min~

ATP .
A
= 6 mi
§ Aur 15 min
REY / —
TNP-ATP ATP
15 min

"—Complex V + Oligo

Fig. 4. Competition between ATP and TNP-ATP in quenching
the fluorescence of complex V-bound aurovertin (Aur). Where
indicated, complex V was pretreated with 5 ug of oligomycin (Oligo)
per mg of protein, which resulted in 98% inhibition of ATPase
activity. The small decrease in fluorescence upon addition of
TNP-ATP after ATP was due to the filter effect of TNP-ATP (see the
legend to Fig. 3).
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reason for their selection was that genetic evidence has
suggested that in yeast the sites of action of organotin
compounds and venturicidin are different from that of
oligomycin (41). Pretreatment of SMP or complex V with
Bu;SnCl or Ph;SnCl at concentrations that caused ~90%
inhibition of ATPase activity altered neither the succinate-
induced (or ATP-induced; data not shown) fluorescence
enhancement of aurovertin bound to SMP nor the ATP-
induced quenching of the fluorescence of aurovertin bound to
complex V (Fig. 5). Essentially similar results were obtained
when venturicidin was used as the ATPase inhibitor acting on
Fo. Further, treatment of complex V with organotin com-
pounds did not interfere with the inhibition by oligomycin of
ATP-induced fluorescence quenching of bound aurovertin.
Thus, when preparations of complex V treated with
aurovertin and tributyltin chloride were further treated with
oligomycin, the ATP-induced quenching of aurovertin fluo-
rescence was inhibited in the same manner as was shown in
Fig. 1 (data not shown).

DISCUSSION

It has been shown in SMP and complex V that the ATP-
induced fluorescence change of F;-bound aurovertin can be
inhibited by treating SMP or complex V with certain reagents
that act on the F, segment of the ATP synthase complex.
These reagents are oligomycin, DCCD, and CIHgCgH,-
COOH, all of which inhibit ATP synthesis and hydrolysis at
the level of Fy. That ot all ATPase inhibitors acting on Fy can
inhibit the ATP-induced fluorescence change of bound
aurovertin is clear from the results obtained with the use of
organotin compounds and venturicidin. Genetic evidence
suggests that in yeast the latter reagents act at F, sites other
than oligomycin (41). By contrast, there is evidence that
oligomycin and DCCD react with the same F, subunit,
namely the DCCD-binding proteolipid (ATPase subunit 9 of
yeast) (36-38). Thus, it appears that modifications at the
DCCD-binding protein are communicated to the 8 subunits of
F,, resulting in inhibition of the ATP-induced fluorescence

A
Succ CCCP Suce ceep
Aur S Aur
| £ |
&
a +
= a
© =
L L
B ATP ATP
Aur l Aur
| 5
[,
]
+
> >
3 8
L ]

FiG. 5. Effect of organotin compounds on respiration-induced
fluorescence enhancement of SMP-bound aurovertin (Aur) (4), and
ATP-induced fluorescence quenching of complex V-bound aurover-
tin (B). Experimental conditions were as described. In A, SMP was
treated with 60 uM Ph;SnCl (TPT-Cl). The inhibition of ATPase
activity was 99%. In B, complex V was treated with 50 uM Bu;SnCl
(TBT:Cl). The inhibition of ATPase activity was 88%. Where
indicated, the concentrations of added sodium succinate (Succ),
carbonylcyanide m-chlorophenylhydrazone (CCCP), and ATP were,
respectively, 6 mM, 2.5 uM, and 1.25 mM. CCCP had a small filter
effect amounting at 2.5 uM CCCP to 6.5% of the fluorescence
decreases shown.

Proc. Natl. Acad. Sci. USA 82 (1985) 7553

change of aurovertin, which according to available evidence
also binds to the B subunits (27, 29, 30).

The suppression of the ATP-induced fluorescence change
of aurovertin suggests an alteration in the conformation of the
B subunits. While this work was being prepared for publica-
tion, a paper appeared by Penefsky indicating that treatment
of SMP with oligomycin or DCCD inhibits ATP binding to F;
(42). These experiments were done at ATP concentrations
(=0.1 uM) substoichiometric with respect to F;. By contrast,
however, the data of Fig. 4 show that ATP at physiological
concentrations binds to oligomycin (or DCCD)-treated SMP
or complex V, competes with the bound TNP-ATP, and
alters the TNP-ATP-induced fluorescence change of auro-
vertin. Therefore, although we do not disagree with the
results of Penefsky obtained at substoichiometric ATP con-
centrations relative to F; B8 subunits, it is clear that treatment
of complex V or SMP with inhibitory amounts of oligomycin
or DCCD does not abolish the interaction of F; with ATP
when the latter is added at physiological concentrations.
Perhaps modification of the DCCD-binding protein by DCCD
or oligomycin alters the characteristics of ATP binding to the
B subunits in such a manner that, at the extremely low ATP
concentrations (molar ratio of F;/ATP = 6) used by Penefsky
(42), the effect is seen as inhibition of ATP binding.

Should it prove correct that modifications of the DCCD-
binding protein affect ligand binding by F, (see also refs. 32-34,
42), then an important role of the DCCD-binding protein may be
as follows. Energy-induced modifications (e.g., protonation/de-
protonation) of the DCCD-binding protein would be communi-
cated to the B subunits of F; resulting in substrate/product
bir.ding changes which appear to be essential features of the
mechanism of oxidative phosphorylation.
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